PooBng of Michaelis-Men ten equations for models having parallel paths for formation of two or more metabolites is discussed. A theory which explains phenomena exhibited by pooled nonlinear pharmacokinetic systems and equations relating pooled Michaelis-Menten constants ( Vp, K,) to microscopic constants (V~, Ki) are presented. The suitability of this type of pooling for use in pharmacokinetic modeling is also discussed. Use of pooling concepts in the design of clinical studies is demonstrated.
In classical first-order models, simplification is often achieved by the addition of first-order rate constants applicable to parallel paths for formation of two or more metabolites from the drug. Simplification of parallel nonlinear systems in a similar manner would obviously be desirable, However, because Michaelis-Menten equations are nonlinear, one would not expect the constants to be additive. Methods for obtaining kinetic constants for two or more enzymes acting on the same substrate are discussed in the literature (7) (8) (9) (10) . In general, these reports are concerned with isolated (in vitro) systems which provide Lineweaver-Burk plots characterized by marked nonlinearities. Iterative computer programs are used to resolve nonlinear Lineweaver-Burk plots. Application of these techniques to estimate kinetic constants for metabolite formation involving two or more enzymes using in vivo C,t data would be difficult for the following reasons: First, resolution of the,segments of nonlinear Lineweaver-Burk plots becomes very difficult when the Michaelis constant for one enzyme approaches that for another enzyme and/or when the maximum velocities approach each other (7) . Resolution would be extremely difficult when several enzymes acted on the same substrate. Second, in vivo data are generally more scattered than in vitro data. Therefore, it might be difficult to determine whether a Lineweaver-Burk plot is linear or nonlinear with appropriate statistical methods. Moreover, the estimation of enzyme constants from scattered Lineweaver-Burk data would be difficult, and the standard deviations of the constants could exceed the estimates by severalfold. Thirdl the use of Lineweaver-Burk techniques is inappropriate for drugs described by multicompartment models (11) .
Pharmacokinetic modeling does not always require the elucidation of a complete model. In general, the simplest model that accurately describes the C,t data obtained following administration of one or more doses of drug, and which has predictive properties, is all that is needed. The purposes of this report are as follows: 
In equation Kp+Co ~=1 KiTCo (6) When t = oo, C = O, and substitution into equation 5 yields
Solving equations 6 and 7 for Vp and Kp, respectively, gives the dosedependent equations 8 and 9:
In equations 8 and 9, Vp and Kp are dependent on the initial drug concentration, Co, and hence also on the dose of the drug.
However, when Co is very much greater than Kp and all values of K~, then equations 8 and 9 simplify to the dose-independent equations 10 and 11, respectively:
Equations 10 and 11 relate the pooled constants, Vp and Kp, only to the microscopic constants, Vi and Ki. In this case, Vp and Kp are independent of Co. Therefore, if nonlinear pharmacokinetic systems involving parallel Michaelis-Menten metabolism paths can be simplified in a manner similar to that employed for linear systems, equations 8 and 9 (and sometimes equations 10 and ll) should describe the relationship between the pooled parameters, Vp and Kp, and the microscopic constants, V~ and Ki.
EXPERIMENTAL

Generation of Simulated C,t Data
When n = 2 in scheme 1, the reduced model shown in scheme 3 is obtained :
The equation applicable to scheme 3 is given as equation 12:
Over 100 
Fitting of Simulated C,t Data
Integration of equation 3 gives equation 13 :
Each set of data, simulated as discussed above, was fitted to equation 13 by numerical integration of equation 3 using the program NONLIN and an IBM 360/67 digital computer. Initial estimates of Vp and Kp were obtained from equations 10 and 11 using the appropriate values of Vi and Ki employed in each particular simulation.
Representative Example
The parameter values (scheme 3 and equation 12) used in this representative example were V1 = 5, K~ = 5, V2 = 5,/s = 15, and Co = 5.
Dose-Independent Example
Values of constants reported by Levy et a!. (3) for formation of salicylurate and phenolic glucuronide from salicylate, namely V~ = 68, K1 = 340, V2 = 31, and K2 = 542, were used to generate simulated A,t data by numerical integration of equation 12. Initial conditions (Ao values) employed were 5, 50, 100, 300, 1000, and oo when equations 8 and 9 were applied. In this case, Ao represents the initial amount of drug in the body and A represents the amount in the body at time t. The A,t data generated when Ao = 5, 100, and 1000 were fitted to equation 13 by numerical integration of equation 3 using the program NONLIN and an IBM 360/67 digital computer.
Dose-Dependent Example
Values of V1 = 5, K1 = 5, V2 = 50, and K2 = 50 were used to generate simulated A,t data by numerical integration of equation 12. Initial conditions employed were 5, 10, 50, 100, 250, 500, and ~ when equations 8 and 9
were applied. The A,t data generated when A0 = 5 and 250 were fitted to equation 13 as described above.
RESULTS AND DISCUSSION
A representative set of simulated data is plotted in Fig. 1 . Cartesian coordinate plots of all sets of data simulated from equations describing parallel metabolite formation paths were characterized by the "hockeystick" shape illustrated in Fig. 1 . Wagner (6) has shown that this "hockeystick" shape is characteristic of C,t data generated by numerical integration of the Michaelis Menten equation itself. This suggested that data generated by numerical integration of equation 12 might also be fitted quite well to equation 13. When the data shown in Fig. 1 were fitted to equation 13 by numerical integration of equation 3, the estimated parameters shown in Table I were obtained. A comparison of the original simulated data and the model-predicted concentrations is made in Table II . This set of data was characterized by the excellence of fit (r 2 = 1.00 and Corr = 1.00) a and small deviations at any point. Simulated data could generally be classified as follows: (a) dose independent and (b) dose dependent. Most sets of data, particularly the dose-independent type, could be accurately fitted with a single Michaelis Menten equation. However, irrespective of data type, large deviations between simulated and model predicted concentrations were noted (Table IV) when it is applied to pharmacokinetic models. It will be demonstrated that enzyme pooling can yield pharmacokinetic predictions in agreement with simulated "observations." The following discussion will consider the use of enzyme pooling with respect to pharmacokinetic modeling. The pooled parameters, Vp and Kp, estimated by computer fitting, were always accurately predicted by equations 8 and 9. For the representative example given, equations 8 and 9 gave Vp = 8.576 and Kp = 6.432, which agree very well with the computer estimates given in Table I . Simulations and fitting of simulated data were carried out only with the reduced model (scheme 3). By induction, however, it may be inferred that similar results would be obtained with simulations performed with scheme 3 and equation 1 where n > 2. Hence the comments below should also apply to the one-compartment open model where elimination of drug is described by more than two Michaelis-Menten equations.
Dose-Independent Example
Equations 8 and 9 indicate that Vp and Kp are dependent on Co and dose. Thus the same problem is presented as in the application of classical first-order kinetics to data described by nonlinear kinetics; i.e., the "constants" are dependent on dose. Fortunately, the time courses of data described by parallel Michaelis-Menten equations can often be closely approximated over several orders of magnitude by a single Michaelis-Menten equation with constants insensitive to large changes in dose. For this type of doseindependent data, the change in the values of the pooled constants with different doses was often equal to or less than 5%. In clinical situations, because of experimental error, such small changes would not be detectable or would be unimportant. When the constants, estimated by computer fitting, changed only slightly with change in dose or Co value, they could be estimated by use of equations 10 and 11.
Results of the dose-independent example are given in Table III . The following trends were noted: First, the constants changed very little with dose. As the dose increased, the magnitude of both Vp and K, increased slightly. Second, the constants calculated with equations 8 and 9 agreed closely with the corresponding constants estimated by computer fitting. Third, the computer fit was excellent (r 2 = 1.00 and Corr = 1.00) and the maximum deviation of model-predicted amount to simulated amount was 2%. Fourth, equations 10 and 11 provided values of Vp = 99 and Kp = 385, which are the same as those given by equations 8 and 9 when Ao = ~. These values would be satisfactory to make predictions at any dose level.
Conditions favoring dose independence are (a) cases where the Kis are equal for parallel paths, (b) cases where the K~s are within a factor aData were generated by numerical integration of equation 12 using the values of constants for salicylate given in the text (see dose-independent example in text). bMeasures of fit were r 2 = 1.00, Corr = 1.00; maximum deviation at any point was 2%. of 3 of each other, and (c) systems where the drug is metabolized primarily by one enzyme.
Dose-Dependent Example
Use of a pooled model to fit data described by parallel MichaelisMenten equations with values of Kis which are separated by at least a factor of 5 results in dose-dependent "constants." As stated earlier and illustrated in Table IV , this type of data cannot be well represented over several orders of magnitude by a single Michaelis-Menten equation. The Lineweaver-Burk plot constructed from the concentration-time data listed in Table IV would be characterized by marked curvature. As discussed earlier, kinetic constants can easily be elucidated for systems of enzymes acting on the same substrate which provide Lineweaver-Burk plots characterized by marked nonlinearities. Therefore, since the constants for each enzyme are readily available, simplification of such systems is unnecessary. aData were generated by numerical integration of equation 12 using the values of constants given in the text (see dose-dependent example in text).
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In pharmacokinetic studies, blood samples are sometimes taken for short fixed intervals of time, irrespective of dose. Each set of dose-dependent data collected in such a manner could appear to be well described by a single Michaelis-Menten equation (each having a pseudolinear LineweaverBurk plot). However, the enzyme constants obtained from these plots or from computer fitting would change dramatically with change in dose. This is further confirmed by use of equations 8 and 9 and is illustrated in Table V . The following trends were evident: First, both Vp and Kp increased markedly as the dose was increased. Second, the amount of change in Vp and Kp was dependent on the dose range. The changes in Vp and Kp were large when Ao changed from 5 to 100, but the change in the constants was relatively small when A0 increased from 100 to oo.
General Comments
As indicated earlier, data generated from parallel Michaelis-Menten equations can sometimes be accurately described at all doses by a single Michaelis-Menten equation. Such "dose-independent" systems can be successfully simplified by using a pooling procedure. Lineweaver-Burk plots constructed from this type of data are pseudolinear. Therefore, linearity of these plots, alone, is not a good criterion of enzyme purity. Moreover, the constants obtained from such a pseudolinear plot, as indicated by equations 8 and 9, are generally not characteristic of any one enzyme. The values of these constants are a function of all of the microscopic constants for the enzymes.
Dose-dependent systems are characterized by extremely nonlinear Lineweaver-Burk plots and kinetic "constants" which are sensitive to large changes in dose. The use of gross enzyme pooling for the simplification of such systems is inappropriate.
A thorough understanding of the pooling concept enables an investigator to determine the suitability of gross enzyme pooling in pharmacokinetic modeling. In order to determine in a specific instance whether pooling may be used to simplify a pharmacokinetic model, studies should be conducted at the extremes of the dose range of interest. If the estimated pooled parameters, obtained by fitting data derived from such a high and a low dose, are not appreciably different and the data are well described by the pooled model, then the system may be considered to be dose independent within the dose range studied. If the sets of data are well described and the constants obtained from the lower-dose data are significantly less than those obtained from the higher-dose data, or the sets of data are not well described by a single Michaelis-Menten equation, the gross pooling of enzymes is inappropriate. The system would have to be further elucidated.
